GdBaCo 2 O 5+x (GBCO) was evaluated as a cathode for intermediate-temperature solid oxide fuel cells. A porous layer of GBCO was deposited on an anode-supported fuel cell consisting of a 15 m thick electrolyte of yttria-stabilized zirconia (YSZ) prepared by dense screen-printing and a Ni-YSZ cermet as an anode (Ni-YSZ/YSZ/GBCO). Values of power density of 150 mW cm −2 at 700 • C and ca. 250 mW cm −2 at 800 • C are reported for this standard configuration using 5% of H 2 in nitrogen as fuel. An intermediate porous layer of YSZ was introduced between the electrolyte and the cathode improving the performance of the cell. Values for power density of 300 mW cm −2 at 700 • C and ca. 500 mW cm −2 at 800
Introduction
Lowering the operating temperature of solid oxide fuel cells (SOFCs) to the intermediate temperatures range (500-750 • C) in order to improve materials compatibility and reduce costs has become one of the main SOFC research goals [1, 2] . However, decreasing the operating temperature means an increase of the resistive losses across the solid electrolyte and a similar magnification of the overpotentials at the air and fuel electrodes. Therefore, to preserve reasonable cell performance, this reduced-temperature regime should be achieved without compromising the internal resistance and the electrode kinetics of the cell.
Given the proven reliability of zirconia-based electrolytes in long-term SOFC tests [3] , the use of yttria-stabilized zirconia (YSZ) electrolytes in reduced temperature fuel cells seems to be a logical choice although the intrinsic conductivity of the material becomes low at reduced temperatures.
For conventional YSZ-supported SOFCs (150 m thickness) the called for area-specific resistance (ASR) for SOFC applications (ASR = 0.15 cm 2 ) requires operating temperatures over 1000 • C. However, the same ASR target can be achieved at temperatures as low as 700 • C using 15 m thick YSZ layers [1] . Therefore, the use of YSZ for intermediate temperature applications requires the fabrication of anode-or cathode-supported SOFCs with electrolyte layers of few micrometers.
Albeit the ohmic losses across the electrolyte are clearly important, it is believed that the key to enhancing the power density of IT-SOFCs lies in the cathode performance. Due to the high activation energy, decreasing the operating temperature usually means that the cathode becomes the major source of electrical losses for the whole system [4] . Significant effort has been recently devoted to improve the poor catalytic activity of the traditional cathode materials and some excellent results have been achieved [5, 6] .
Many simple perovskite-type mixed ionic-electronic conductors such as doped LaCoO 3 , BaCoO 3 or LaFeO 3 have been extensively studied as possible cathodes in SOFCs [1, 5] , however, not much attention has been paid to the perovskite related structures such as the double or layered perovskites.
Recent studies on layered cobaltites, i.e., GdBaCo 2 O 5+x , 0 ≤ x ≤ 1 (GBCO), by Maignan et al. [7] have shown that, in this structure, the Ba cations do not form a random distribution in the A perovskite sites but order in alternating (0 0 1) layers. Moreover, the oxygen vacancies, present when 0.45 < x < 0.6, are mainly located in the rare earth planes [GdO] x . This particular distribution seems to improve the oxygen transport properties compared to non-ordered perovskites [8] . According to these preliminary results, and considering an acceptable electronic conduction above the metal-insulator transition [7] (T M-I = 360 K), GBCO appeared to be a suitable material for intermediate temperature (IT) SOFC cathode applications.
Recently the authors [9, 10] have shown the potential of GdBaCo 2 O 5+x for cathode application in IT-SOFCs obtaining values for the ASR = 0.25 cm 2 at 625 • C in symmetricalcell systems. However, to our knowledge, the performance of GBCO cathodes as a part of a whole fuel cell has not been reported to date. This paper seeks to address this issue by evaluating the performance of this material working as a cathode in a standard anode-supported SOFC. In order to operate within the intermediate temperature range, while maintaining the excellent properties of YSZ, dense screen-printed layers of yttria-stabilized zirconia were deposited for the electrolyte [11, 12] .
The performance of the standard-configuration cell using a porous intermediate layer of YSZ between the electrolyte and the cathode was also evaluated. In order to structurally characterize the GBCO powders, Xray diffraction patterns were collected at room temperature on a Siemens D500 diffractometer (Cu K␣ source) in flat plate θ/2θ geometry and selected area electron diffraction (SAED) was carried out in a transmission electron microscope (TEM) Phillips CM30 SuperTwin operating at 300 kV. High resolution TEM images of GBCO powder were obtained in a JEOL JEM 2010F TEM.
Experimental

Inks and powder preparation and characterization
Single cell fabrication, characterization and testing
The optimized YSZ slurry was screen-printed (10 deposits) onto commercial NiO-YSZ tapes (ESL 42421, ESL Electroscience) of 180 micrometers thick used as an anode. The NiO-YSZ/YSZ half-cell was sintered at 1350 • C for 5 h under air. After the sintering stage, the GBCO ink was airbrushed onto the fully dense YSZ layer. A final heat treatment at 975 • C for 2 h in air was performed to achieve the best performance of the cathode. In order to have good current collection, platinum (Pt) nets were attached to the electrodes.
The electrical measurements were performed in a commercial gas tight double-chamber cell (ProboStat, NorEcs) placed inside a high temperature furnace (Fig. 1) . To precisely determine experimental conditions, the temperature was obtained from a thermocouple located next to the sample. Gas mixtures were prepared by combining different gases by mass flow controllers. Flow rates between 50 ml min −1 and 200 ml min −1 were used. Two-probe galvanostatic measurements have been carried out using a Gamry Potentiostat PCI4/750. The electrochemical characterization was carried out using the same potentiostat working as an impedance analyzer. The frequency response was analyzed in the range of 100 mHz-300 kHz with an ac applied signal of 50 mV. The LEVMW [13] complex non-linear square (CNLS) fitting program allowed us to interpret the measured impedance responses in terms of equivalent electrical circuits.
In-plane conduction measurements were performed using the Van der Pauw method [14] correcting for electrode and geometry effects. Four platinum contacts (A-D) placed on the surface of the layer were used to measure two different resistances, R AB,CD = V CD /I AB and R BC,DA = V DA /I BC (Keithley 2700 multimeter/7700 multiplexer module). If the measured sample thickness (t) is much less than its width and length, the following equation applies to the resistivity of the sheet (ρ):
Morphological characterization of the samples was carried out by scanning electron microscopy using a Leica Stereoscan S-360 equipment. Electron imaging in combination with the sputtering capability of a focused ion beam (FEI Dual beam DB232 [15] ) was used to perform cross-section observations of the layered fuel cell devices.
Results and discussion
Powder characterization
The crystal structure adopted by GdBaCo 2 O 5+x has been reported to be dependent on the oxygen stoichiometry [7, 16, 17] . As previously reported, for 0.45 < x < 0.6, the oxygen ions order into alternating filled and empty chains running along the a-axis, which results in the orthorhombic Pmmm and the doubling of the unit cell along the b-axis (a p x2a p x2a p ), here a p refers to the basic cubic perovskite cell parameters (ca. 3.9Å). This vacancy ordering is supposed to be the origin of the excellent oxygen transport properties. Maignan et al. [7] reported different superstructures depending on the sintering atmosphere. For argon they obtained orthorhombic Pmmm with a p xa p x2a p while for air they observed orthorhombic Pmmm with a p x2a p x2a p . The samples for this work were synthesized in air so the a p x2a p x2a p unit cell is expected. As shown by the XRD pattern depicted in Fig. 2 , the synthesized GBCO powder presents single-phase orthorhombic Pmmm symmetry with a = 3.881(1), b = 7.840(2), c = 7.563(2)Å. The Rietveld refinement shows similar values for the atomic coordination (not presented here) reported in the literature by Frontera et al. [18] .
To corroborate this result, electron diffraction and highresolution-TEM imaging were carried out on the GBCO samples. Fig. 3(a) shows an electron diffraction pattern of a particle oriented in the [1 1 0] zone-axis. The cell doubling in c is due to doubling along the z direction. A high-resolution image of a GBCO particle and corresponding fast Fourier transform (FFT) are shown in Fig. 3(b) . The figure shows the superstructure typical for air-synthesized materials, i.e., the vacancy ordering in channels that doubles the b parameter.
Morphological characterization
The YSZ layer screen-printed onto the Ni-YSZ anode (after reduction in 5%H 2 /N 2 of the original NiO-YSZ) presents a high homogeneity of thickness (Fig. 4(a) ). As previously reported by the authors [12] , the average thickness of each deposited layer is ca. 1.5 m and after 10 deposits a 15 m thick electrolyte is obtained. The anode-electrolyte interface presents high connectivity as shown in Fig. 4(b) . The thermal treatment used for sintering of the electrolyte allows achieving quasi full-density for the YSZ layer as observed in the SEM image depicted in Fig. 4(c) . The grain size of the YSZ particles is around 2 m. The anode layer also shows the required highly porous morphology, with average grain size ca. 500 nm, ensuring good gas diffusion (Fig. 4(d) ).
The connection between the YSZ and the GBCO cathode is shown in Fig. 5(a) after cutting and polishing as carried out by a focused ion beam milling. The deposited layer shows a homogeneous aspect with grain sizes of ca. 500 nm (Fig. 5(b) ). Partial delamination of the cathode layer is visible in other parts of the cell. It will be considered in detail in future sections.
Electronic conductivity of the electrodes
In order to verify good percolation and consequently good current collection, the anode and cathode in-plane conductivity of both anode and cathode were evaluated. Four point Van der Pauw measurements were carried out over a range of temperatures (T = 500-800 • C). Fig. 6 shows the dependence of the conductivity on temperature for the Ni-YSZ and GBCO layers calculated according to Eq. (1). Ni-YSZ layers present conductivity values around 10 2 -10 3 S cm −1 in 5%H 2 /N 2 as expected for the range of temperatures evaluated [19] . On the other hand, GBCO layers show conductivities of the order of a few tens of S cm −1 in air close to good electronic conductors such as La 0.8 Sr 0.2 MnO 3−δ (σ ∼ 100 S cm −1 at 800 • C in air [20] ). Therefore, cathode-and anode-electronic conductivities are high enough to ensure the flow of electrons from the current collector to the electron-consuming active sites. Fig. 7 shows the impedance spectra (under open circuit conditions) of the anode-supported fuel cell using GBCO as the cathode and 5%H 2 /N 2 as fuel over the temperature range 600-800 • C. There are two depressed arcs in every impedance spectroscopy curve, which reflects the electrode polarization resistances from both the anode and the cathode. At lower tem- peratures, the existence of an extra arc at lower frequencies is also observed. This small arc is usually associated to the gas diffusion limitation through the electrodes.
Electrochemical and cell performance
The electrochemical performance of the electrodes can be evaluated by splitting the characteristic impedance spectra for the whole cell into their main components. To deconvolute the obtained spectra, it is possible to use an equivalent circuit consisting of an inductance (L) in series with a resistance (R ohm ) in series with resistors attributable to the electrodes (R anode , R cathode ) each of them in parallel with a constant phase element (Q anode , Q cathode ), i.e., LR(RQ)(RQ) as depicted in the inset of Fig. 8 . Albeit three-electrode impedance spectroscopy (with the reference electrode at the electrolyte) should be carried out in order to properly separate anode and cathode contribution, it seems reasonable to associate the arcs and the electrodes in the following way. The impedance of the anode is usually smaller at low current densities (compared to that of the cathode) becoming evident when increasing the current density (lowering the voltage) [21, 22] . Fig. 8 shows the impedance spectrum for a whole cell at 650 • C under both open circuit voltage (Fig. 8a ) and an applied voltage bias of 0.5 V (Fig. 8b) . It is clear from the figure that when increasing the voltage the contribution of one of the arcs (low-frequency arc) becomes more pronounced. In the following analysis, this arc will be associated to the anode. Assuming this correspondence between arcs and electrodes, the values of the evolution of the cell resistance with the temperature 1 are listed in Table 1 .
The anode/electrolyte interface shows an excellent performance with resistances below the target ASR of 0.25 cm 2 in the intermediate range of temperatures (R anode = 0.25 cm 2 ca. 725 • C).
On the other hand, the ohmic contribution is too high. The ohmic contribution to the total resistance of the cell should correspond to the electrolyte ohmic loss. However, the estimated YSZ ohmic drop at 700 • C, considering a standard value of conductivity of σ = 0.01 S cm −1 and the average electrolyte thickness of our sample (15 m), should not exceed values of 0.15 cm 2 for the ASR (ASR = L/σ). Comparing this value with those listed in Table 1 , it is obvious that the resistance arising from the oxide ionic motion through the electrolyte is not enough to explain the measured ohmic contribution. However, Fig. 9 shows for the ohmic resistance an Arrhenius type dependence on the temper- 1 The so-called ohmic resistance has been corrected by removing the resistance in series corresponding to the wires. A calibration of this background resistance has been carried out by short-circuiting the measurement cell at different temperatures. ature with an activation energy of E a = 0.66(5) eV, close to that for the ionic conductivity of the yttria-stabilized zirconia. Therefore, an increase of the resistance due to geometrical aspects is proposed. A reduction of the area of the contact region of the electrolyte-electrode interface would result in an increase of the estimated ASR (ASR = R observed × S, where S is the area) without changing the temperature dependence.
Different possibilities can be argued to explain the origin of a hypothetical reduction of the active contact area. For instance, the formation of insulating phases in the electrolyte/cathode interface has been extensively reported for lanthanum containing cathodes on YSZ electrolytes [23] . The formation of the insulating lanthanum zirconate phase (La 2 Zr 2 O 7 ) represents one of the most relevant drawbacks for the state-of-the-art cathodes of the stabilized zirconia system. For our cathode, an equivalent lanthanide zirconate pyrochlore could be expected, i.e., Gd 2 Zr 2 O 7 . Although the pyrochlore structure is stable in the Gd-Zr-O system for our range of temperatures [24] , other work has not shown the formation of the gadolinium zirconate pyrochlore, e.g., Takeda et al. [25] do not observe it between 8YSZ and Gd 0.8 Sr 0.2 MnO 3−δ at 1000-1400 • C. Actually, the gadolinium zirconate pyrochlore has the narrowest region of existence among the lanthanide zirconate pyrochlores. The enthalpy of formation of Ln 2 Zr 2 0 7 (Ln = Lanthanides) decreases with decreasing ionic radius of the rare earth cation [26] and therefore, the stability of the pyrochlore is reduced in the order La 2 [27] .
Another cause of active area reduction is having inadequate connectivity of the cathode and electrolyte layers. As shown in Fig. 10 , a few gaps due to partial delamination of the cathode layer have been observed for our cells. This delamination is probably due to either the low roughness of the electrolyte layer, which would make cathode attachment difficult, or the different thermal expansion coefficients between yttria-stabilized zirconia (TEC ∼ 10 × 10 −6 K −1 ) and cobaltites (e.g., TEC ∼ 22 × 10 −6 K −1 for LaCoO 3 ). Apart from increasing the ohmic contribution to the total resistance, this partial detachment would increase the area-specific resistance associated to the cathode/electrolyte interface due to the reduction of the active area. As previously mentioned and shown in Fig. 9 , this cathode/electrolyte interface represents the other main contribution to the final impedance. Fig. 11 shows the variation of cell voltage and power density as a function of current density for the Ni-YSZ/YSZ/GBCO cell under 5%H 2 /N 2 from 600 • C to 800 • C. Small deviations from the expected dependence of the OCV with temperature, i.e., OCV increase by temperature decrease, suggest some instability in the electrode performance with temperature and flow rate.
Power density of the cell
As shown in Fig. 11 , galvanostatic single cell tests yielded open circuit voltages (V OC ) of V OC = 950 mV at 800 • C. The theoretical value for the open circuit voltage at this temperature is V OC = 1.1 V and the value reported from gas permeability measurements for thin YSZ electrolytes [28] with permeabilities on the order of 10 −18 m 2 is V OC = 1.05 at 850 • C (these values were obtained for pure H 2 ). These results indicate that good print conditions and inks for the YSZ layer fabrication method were achieved.
The power density of the cell increases with increasing the operating temperature. Maximum power densities of the cell are 250 mW cm −2 and 150 mW cm −2 at 800 • C and 700 • C, respectively.
Intermediate YSZ layer to improve electrolyte-cathode interface
The previously mentioned ohmic and electrolyte-cathode interfacial impedance constitute the main contribution to the total impedance of the cell. According to our results, the most likely explanation for this behaviour is an inadequate connectivity between the cathode and electrolyte layers. An insufficient connectivity between electrolyte and cathode leads to a reduction of the real active surface involved in the electrochemical processes. In order to overcome this major drawback, an increase of the roughness of the electrolyte is proposed to improve the connectivity between the electrolyte and cathode layers. An intermediate layer of YSZ was airbrushed onto the NiO-YSZ/YSZ sintered half-cell. A low sintering temperature was used to attach this layer (1200 • C for 3 h) to obtain a porous structure. This new layer should be applied taking into account that a balance between roughness and thickness of the electrolyte has to be kept.
Preliminary results obtained for these improved cells are very promising. Fig. 12 shows the power density as a function of current density. The non-linearity of these curves is due to the dominant electrode polarization effect (compare to the linearity observed in Fig. 11 where the ohmic was the main contribution). Maximum power densities of the cell are 550 mW cm −2 and 300 mW cm −2 at 900 • C and 700 • C, respectively. The maximum power density at 800 • C is close to the often-considered target value of 500 mW cm −2 for technological applications.
These results demonstrate that GBCO-based solid oxide fuel cells may render high performances in the intermediate temperature regime. In addition, the performance reported here could be significantly improved by using humidified pure H 2 as the fuel and oxygen as the oxidant instead of dry 5%H 2 /N 2 and air. An increase in performance of two and even three times has been reported for other materials when changing from 5%H 2 to pure H 2 atmospheres [29, 30] . Many authors have reported the benefits of increasing the water content for fuel cell performance [31] .
Conclusions
Anode-supported solid oxide fuel cells based on an 8 mol% Y 2 O 3 -ZrO 2 electrolyte and a GdBaCo 2 O 5+x cathode were fabricated and evaluated. The YSZ layer was deposited by a dense screen-printing technique achieving a thickness of 15 m with a quasi-full density at sintering temperatures as low as 1350 • C. Both anode and cathode electrodes showed a high homogeneity with a narrow distribution of grain sizes around 500 nm. The figures of performance of this standard fuel cell with a GBCO cathode are high, with power densities ca. 250 mW cm −2 at 800 • C and 150 mW cm −2 at 700 • C. However, better values were expected according to results obtained for each individual component. Poor electronic conductivity of the electrodes was rejected after in-plane conductivity evaluation by Van der Pauw measurements. Complete deconvolution of impedance spectra at different temperatures enabled the major contributions to the total impedance to be analyzed. An inadequate connectivity between the electrolyte and cathode layers is considered to be the origin of this excess of impedance. In order to address this issue, an intermediate porous layer of YSZ was deposited between the electrolyte and the cathode. The performance of this new cell is considerably improved over the previous version. The cell achieved values of power density close to the target value of 500 mW cm −2 at temperatures below 800 • C. These results indicate that the SOFC system presented here (5%H 2 /N 2 , Ni-YSZ/YSZ (screen-printed)/YSZ (airbrushed)/GBCO, Air) represents an excellent candidate for intermediate temperature applications. Moreover, a significant enhancement of the performance of the cell is expected by optimizing the fuel composition.
